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Do observations provide 
unambiguous evidence for 
systematic IMF variations?

No. 

(but I haven’t 
given up hope.)

Yet.



Where might we find IMF variations?
Environments: 
- Extended Solar Neighborhood/Galactic Disk
- ‘normal’ young clusters (Taurus->ONC)
- open clusters 
- super star clusters 
- Galactic Center 
- Globular Clusters
- External Galaxies (e.g., van Dokkum & Conroy 2010, 2011)
- high-z universe
- Pop III 
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These environments span:
-- Factor of 100 in [Fe/H]
-- Factor of 1000 in resultant stellar density (10 -- 104 stars / pc-3 )
 



Volume 
Complete
(trig. parallax)

* 25pc for solar-type 
stars: (454 stars; Raghavan 

et al. 2010)

* 8->10 pc for M stars: 
(140 stars; Reid & Gizis 1997;
369 stars; Henry et al. 2006)

The cleanest sample for measuring the Field MF



Magnitude
Limited

(phot. parallax; 
system MF)

– 23 –

second term less significant, it would be computationally prohibitive to include more test
points. We discuss systematic errors which may influence the measured density in §5.
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Fig. 13.— Density (in stars pc−3) as a function of Galactic R and Z. The logarithmic scale
is shown beneath the density map. The disk structure of the Milky Way is clearly evident,
with a smooth decline towards larger R, and an increase in density approaching the Plane
(Z = 0).

4.2. Galactic Model Fits

Using the method described above, (R,Z) stellar density maps were constructed for
each 0.5 mag slice in Mr, from Mr = 7.25 to Mr = 15.75, roughly corresponding to spectral
types M0-M8. The bin size in each map is constant, at 25 pc in the R and Z directions. For
R,Z bins with density errors (Equation 5) of < 15%, the following disk density structure is
fit:

ρthin(R,Z) = ρ◦fe
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ρ(R,Z) = ρthin(R,Z) + ρthick(R,Z) (8)

where ρ◦ is the local density at the solar position (R# = 8500 pc, Z# = 15 pc), f is the
fraction of the local density contributed by the thin disk, R◦,thin and R◦,thick are the thin
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* HST: 1400 M stars 
to I ~ 24 (Zheng et 

al. 2001)

* SDSS: 30K to J=16 
(Covey et al. 2008); 
15M to r ~ 22 

(Bochanski et al. 2010)

The largest sample for measuring the Field MF



A consistent sub-solar MF throughout the Galactic disk

Local MF statistically 
representative of MF to a 

few scale heights out of the 
Galactic disk: 

 
G = 0.2 

or 
Mc = 0.25 

sigma = 0.5 log-normal

(0.1 < M < 1.0)

Covey et al. 2008; Bochanski et al. 2010
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4 IMF variations?

Where we do have observations of the IMF, however, any predictive theory of

star formation must explain its shape, as well as how it might vary with initial

conditions. Turned the other way round, we can ask: is the IMF universal or

does its shape vary? If we can confidently observe variations in the IMF, we

can hope to study those variations to understand the critical scales or conditions

under which stars of a certain mass form, informing a quantitative prescription

for star formation (e.g. McKee & Ostriker 2007).

1.1 Functional Forms

In his famous 1955 paper, E. Salpeter introduced a power law IMF of the form

Φ(logm) = dN/d log m ∝ m−Γ, (1)

where m is the mass of a star and N is the number of stars in some logarith-

mic mass range logm + dlogm. Integrating this function and deriving a proper

normalization, we can calculate the number of stars within a logarithmic mass in-

terval. Hereafter we will refer to single–power law IMFs as “Salpeter-like IMFs”;

those IMFs with Γ ∼ 1.35 we will refer to as having a “Salpeter slope” (note that

by “slope” we are referring to the “logarithmic slope” throughout this review).

It was recognized in the late 1970s that the IMF was probably not a single

power law over all stellar masses. Through the 1980s and early 1990s various

alternatives were explored, including a multi-segment power law (Kroupa, Tout

& Gilmore 1993) where the slope of the IMF at lower masses was found to be

shallower than the Salpeter value obtained at higher masses. Hereafter we will

refer to these segmented power–law IMFs as “Kroupa IMFs”.

One can also discuss the IMF in the context of a mass spectrum, formulating



The sub-stellar MF in the Solar Neighborhood: a work in progress

- Large sample of BD Teffs (e.g., Allen 
et al. 2005, Cruz et al. 2007, Metchev et al 
2008; Burningham 2010, Lodieu et al. 
2012, Kirkpatrick et al. 2012)

- Teff = Mass;  BDMF must be 
inferred from models including BD 
evolution, MW SFH, etc. (e.g., 
Burgasser et al. 2004, Deacon & Hambly 
2006, Pinfield et al. 2008)

- Results have large uncertainties 
but suggest     <~ -1.5
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Kirkpatrick et al. 2012



Summarizing Field MFs
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See: Rana & Basu 1992; Maciel & Rocha-Pinto 1998; Reid, Gizis & Hawley 2002; Schroder & Pagel 2003; Martini & 
Osmer 1998; Gould et al. 1997; Reid & Gizis 1997; Zheng et al. 2001; Reyle & Robin 2001; Schultheis et al. 2006; 

Robin et al. 2007; Vallinari et al. 2006; Deacon, Nelemans & Hambly 2008; Covey et al. 2008; Bochanski et al. 2010; 
Reid et al. 1999;  Allen et al. 2005; Metchev et al. 2008; Pinfield et al. 2008; Burningham et al. 2010; Reyle et al. 2010

Field’s Achilles Heels:
IMF/SFH degeneracy; 

Mixed stellar pop
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Clusters: laboratories for IMF variations w/ environment

Orion Nebular Cluster

Paust et al. 2010

NGC 
5927

[Fe/H]
=-0.7

NGC 
6341

[Fe/H]
=-2.16



Mass segregation: a challenge for MF measurements in dense clusters

- Mass segregation: intrinsic  
or apparent?

Ascenso et al. 2009

150 J. Ascenso et al.: No evidence of mass segregation in massive young clusters
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Fig. 3. Mass function slope (Γ) as a function of radius for the synthetic clusters. Panel a): Γ is measured in equal-number (100 stars) radial annuli
(the radii mark the centre of the annuli) and defining the mass functions such that all the mass bins have the same number of stars. Panel b):
Γ is measured in fixed-width (10 FWHM) radial annuli (the radii mark the centre of the annuli) and defining the mass function as in panel a).
Panel c): Γ is measured in concentric circles (the radii mark the limits of the circles) and defining the mass function as in panel a). Panel d): Γ is
measured in equal-number (100 stars) radial annuli and defining the mass functions as fixed ∆ log(M/M!) histograms. Panel e): Γ is measured in
fixed-width (10 FWHM) radial annuli and defining the mass function as in panel d). Panel f): Γ is measured in concentric circles and defining the
mass function as in panel d).

3.2. Ratio of high- to low-mass stars

In any given region of a non-segregated cluster, apart from
fluctuations, there should be the same proportion of high and
low-mass objects as imposed by the underlying mass function.
In particular, the ratio of high- to low-mass stars should not
be dependent on radius. This is indeed what we find for the
synthetic clusters, regardless of how we divide the cluster ra-
dially. The light symbols in Fig. 5 show this profile for a high-
mass/low-mass threshold of 10 M!, and radial binning consist-
ing of equal-number annuli (left-hand panel), fixed-width annuli
(middle panel), and concentric circles (right-hand panel). All the

profiles are flat, again validating the absence of mass segregation
in the synthetic clusters, and present no signature of statistical
biases arising from radial binning effects.

The dark symbols in the panels show the variation of the ra-
tio of high- to low-mass stars in the observed* clusters. For all
geometries the ratio increases toward the cluster core, suggest-
ing an apparent depletion of low-mass stars in the core. This is a
direct consequence of crowding that does not allow for the effec-
tive detection of faint sources, rather than an actual absence of
low-mass stars in the underlying cluster that could be imputed to
mass segregation. Again, this profile is similar to those cited in

J. Ascenso et al.: No evidence of mass segregation in massive young clusters 151
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Fig. 4. Mass function slope (Γ) as a function of radius for the observed* clusters (dark symbols) when compared to the “true” clusters (light
symbols). Panel a): Γ is measured in equal-number (100 stars) radial annuli (the radii mark the centre of the annuli) and defining the mass
functions such that all the mass bins have the same number of stars. Panel b): Γ is measured in fixed-width (10 FWHM) radial annuli (the radii
mark the centre of the annuli) and defining the mass function as in panel a). Panel c): Γ is measured in concentric circles (the radii mark the limits
of the circles) and defining the mass function as in panel a). Panel d): Γ is measured in equal-number (100 stars) radial annuli and defining the
mass functions as fixed ∆ log(M/M!) = 0.2 histograms. Panel e): Γ is measured in fixed-width (10 FWHM) radial annuli and defining the mass
function as in panel d). Panel f): Γ is measured in concentric circles and defining the mass function as in panel d). The profiles for the incomplete,
observed* clusters mimic the effects of mass segregation.

the literature as evidence of mass segregation (Hillenbrand 1997;
Stolte et al. 2006).

3.3. Mean mass

Following the same reasoning as before, the mean mass of a non-
segregated cluster should be independent of the region where we
choose to measure it. This is what we find when we plot the mean
mass in concentric annuli for the synthetic clusters (Fig. 6, light
symbols), regardless of using fixed-number (left-hand panel) or
fixed-width (right-hand panel) rings.

Conversely, the observed* clusters (dark symbols) display a
significant increase of the mean mass toward the cluster centre,
as the faint stars in the centre are not as effectively detected as
the massive stars, shifting the mean mass to higher values, a sig-
nature also often attributed to mass segregation.

3.4. Mean radius of the massive stars

In the present context we define the mean radius of any sample
of stars as the mean distance of those stars to the centre of the
cluster. For each cluster, we measured the mean radius of the

cluster radius
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falling
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MF variations in globular clusters, but not IMF variations: massive 
clusters better able to hold onto their low mass members

Paust et al. 2010
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Young cluster (stellar) MFs: a fair consensus, with notable exceptions
No. 1, 2009 INFRARED/X-RAY SURVEY FOR NEW MEMBERS OF TAURUS 415

Figure 12. IMFs for Taurus, IC 348 (Luhman et al. 2003b), and Chamaeleon I
(Luhman 2007). The IMF for Taurus is derived from members within the XEST
fields (Figure 1). These IMFs contain 157, 194, and 85 sources, respectively.
The Taurus IMF differs significantly from the mass functions in the other two
regions (Section 5). We also include the IMF of the η Cha association (Mamajek
et al. 1999; Lawson et al. 2002; Lyo et al. 2004; Song et al. 2004; Luhman &
Steeghs 2004). Although Lyo et al. (2004) reported that η Cha exhibits a deficit
of low-mass stars and brown dwarfs relative to other clusters, its mass function
is statistically consistent with the IMFs of IC 348 and Chamaeleon I (Luhman
2004b; Section 5). The completeness limits of these samples are indicated
(dashed lines). In the units of this diagram, the Salpeter slope is 1.35.

neighborhood and other young clusters. Moraux et al. (2007)
attempted to provide a theoretical explanation for the apparently
unusual IMF in this association. However, through a survey of η
Cha that was complete to 0.015 M!,7 Luhman & Steeghs (2004)
and Luhman (2004b) concluded that a significant paucity of low-
mass objects is not present. To further explore this issue, we have
constructed an IMF and a distribution of spectral types for all
known members of η Cha, which are included in Figures 12
and 13, respectively. A two-sided Kolmogorov–Smirnov test

7 Lyo et al. (2006) and Moraux et al. (2007) incorrectly quoted a
completeness limit of 0.025 M! for the surveys by Luhman & Steeghs (2004)
and Luhman (2004b), which employed photometry from DENIS and 2MASS.
Lyo et al. (2006) suggested that the completeness limit from those surveys was
determined by their shallowest data, which consisted of the optical photometry
from DENIS. However, any objects above 0.015 M! that were absent from the
optical data would have appeared in the IR diagrams used by Luhman &
Steeghs (2004) and Luhman (2004b) for selecting candidate members. Thus,
the completeness limit was 0.015 M!.

Figure 13. Distributions of spectral types for all known members of Taurus and
for the IMFs of Taurus, IC 348, Chamaeleon I, and η Cha in Figure 12. The
completeness limits of the IMF samples in Taurus, IC 348, and Chamaeleon I
are indicated (dashed lines). The limit for η Cha is near M9.

indicates a probability of ∼10% that the members of η Cha
are drawn from the same mass distribution as either IC 348 or
Chamaeleon I, which does not represent a significant difference.
Thus, the IMF in η Cha is consistent with the mass functions in
IC 348 and Chamaeleon I.

6. CONCLUSIONS

We have presented a survey for new members of the Taurus
star-forming region in which we obtained spectra of candidate
members appearing in images from the Spitzer Space Telescope
(46 deg2) and the XMM-Newton Observatory (5 deg2). Using the
mid-IR data from Spitzer, we identified 44 sources that could be
young stars with disks, 24 of which were confirmed as members
by our spectroscopy. We also performed spectroscopy on 51
candidates detected in X-rays by the XEST program (Güdel
et al. 2007; Scelsi et al. 2007), demonstrating the youth and
membership of 16 sources. Ten of these new X-ray members
were independently confirmed through spectroscopy by Scelsi
et al. (2008). In addition to the sources from Spitzer and XMM-
Newton, we observed four candidate companions to known
members of Taurus that were found by Kraus & Hillenbrand
(2007) through analysis of 2MASS data, one of which we have
classified as a young star.
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6. CONCLUSIONS

We have presented a survey for new members of the Taurus
star-forming region in which we obtained spectra of candidate
members appearing in images from the Spitzer Space Telescope
(46 deg2) and the XMM-Newton Observatory (5 deg2). Using the
mid-IR data from Spitzer, we identified 44 sources that could be
young stars with disks, 24 of which were confirmed as members
by our spectroscopy. We also performed spectroscopy on 51
candidates detected in X-rays by the XEST program (Güdel
et al. 2007; Scelsi et al. 2007), demonstrating the youth and
membership of 16 sources. Ten of these new X-ray members
were independently confirmed through spectroscopy by Scelsi
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(2007) through analysis of 2MASS data, one of which we have
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Luhman et al. 2009
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- Most MFs consistent w/ field, within errors, 
down to ~0.2 Mo:

- ONC: Muench et al. 2002, Da Rio et al. 2010  
- Sigma Ori: Caballero 2009 
- Upper Sco: Lodieu et al. 2011 
- Rho Oph: Erickson et al. 2011 
- IC348: Luhman et al. 2003 
- Cha I: Luhman 2007

- Notably anomalous young cluster in stellar mass 
regime is Taurus (e.g., Luhman et al. 2009)

- Also evidence for mass segregation at youngest 
ages (e.g., Kirk & Myers 2011, 2012; Kryukova et 
al. 2012)



The sub-stellar MF: excesses in young clusters?

Wang et al. 2010
MJ

- Many young clusters return MFs with   
   ~ -0.4, in excess of field BDMF (e.g., 
Upper Sco: Slesnick et al. 2008, Lodieu 
et al. 2011; Sigma Ori: Caballero et al. 
2007; ONC: Muench 2002)

- Deficits of BDs also reported, 
however: Rho Oph (Erickson et al. 
2011; but see also Geers et al. 2011)

- Also lack of additional members in 
deep survey of NGC 1333 -- bottom of 
MF? (Scholz et al. 2009)

HighLow HighLow

4 IMF variations?

Where we do have observations of the IMF, however, any predictive theory of

star formation must explain its shape, as well as how it might vary with initial
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under which stars of a certain mass form, informing a quantitative prescription
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alternatives were explored, including a multi-segment power law (Kroupa, Tout
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Summarizing Cluster MFs
Orion Nebular Cluster
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The take home messages (I)

Kroupa/Chabrier MF measured in vast majority of field/cluster 
environments (where stars can be resolved).

Slight bias towards super Salpeter slopes near 1 Mo: SFH corrections?

Excess of BDs seen in MFs of youngest clusters vs. the field: problems with 
BD evol. models? SFH of MW? actual MF differences?

Specific clusters deserve more attention (Taurus, Hyades/Praesepe), but no 
systematic variations seen.

Evidence for mass segregation at youngest ages: intrinsic or dynamical?



The take home messages (II)

Next generation of studies require improved:

parallaxes (expansion of volume complete sample)

red sensitivity (sub-stellar MF; extinction in young clusters)

cluster kinematics (binary fraction vs. age; identify or rule out intrinsic mass 
segregation (i.e, spatial IMF variations within a single environment)

APOGEE & Gaia + LSST can provide all this!



Kinematics of young clusters can test for primordial 
mass segregation (ie, spatial IMF variations)...

Furesz et al. 2008



Kinematics of young clusters can test for primordial 
mass segregation (ie, spatial IMF variations)...

• ...but current measurements strain against:

• ~0.5 km/s astrophysical limit for optical RV measurements (e.g., 
Mahmud et al. 2011);

limited capacity for precise NIR measurements (e.g., Covey et al 2006; 
Viana Almeida et al. 2012).

•
Mahmud et al. 2011
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Kinematics of young clusters can test for primordial 
mass segregation (ie, spatial IMF variations)...

• ...but current measurements strain against:

• ~0.5 km/s astrophysical limit for optical RV measurements (e.g., 
Mahmud et al. 2011);

• limited capacity for precise NIR measurements (e.g., Covey et al 
2006; Viana Almeida et al. 2012).

•
Viana Almeida et al. 2012



Area of Opportunity for APOGEE

• Enter APOGEE:

• U. of VA-built high-res (R~20000) multi-fiber (n~230) H-band 
spectrograph for the SDSS 2.5m telescope (2.5 deg FOV). 

~50 m/s velocity precision serendipitously demonstrated (for field 
stars) via 8 epochs on HD 114762

•



Area of Opportunity for APOGEE

• Enter APOGEE:

• U. of VA-built high-res (R~20000) multi-fiber (n~230) H-band 
spectrograph for the SDSS 2.5m telescope (2.5 deg FOV). 

• ~50 m/s velocity precision serendipitously demonstrated (for field 
stars) via 8 epochs on HD 114762

•
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• 1-6 epochs for 350 YSOs in IC 348 & 1-3 epochs for 120 YSOs in 
NGC 1333 over remainder of SDSS-III period (~Sept. 2014)

• Targeting maximizes completeness over coverage; split epochs 
for objects within 71” fiber collision radius 

Proposed IN-SYNC Observations



Do observations provide 
unambiguous evidence for 
systematic IMF variations?

Not Yet. 

maybe with APOGEE & 
Gaia + LSST???



The take home messages:

Kroupa/Chabrier MF measured in vast majority of field/cluster 
environments (where stars can be resolved).

Slight bias towards super Salpeter slopes near 1 Mo: SFH corrections?

Excess of BDs seen in MFs of youngest clusters vs. the field: evol. models? 
SFH of MW? actual MF differences?

Specific clusters deserve more attention (Taurus, Hyades/Praesepe), but no 
systematic variations seen.

Evidence for mass segregation at youngest ages: intrinsic or dynamical?

Next generation of studies require improved:

parallaxes (expansion of volume complete sample)

red sensitivity (sub-stellar MF; extinction in young clusters)

cluster kinematics (binary fraction vs. age; identify or rule out intrinsic mass 
segregation (i.e, spatial IMF variations within a single environment)

APOGEE & Gaia + LSST can provide this!


